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Abstract

Stress plays an important role in drug addiction. It can trigger relapse in abstinent addicts, and both
in the everyday world and in the laboratory, a stressor can induce drug craving. Drug cues, such as
the sight of drug, can also trigger subjective craving and relapse, and this effect may be amplified
by stress. Underpinning this interaction may be the fact that stress and reward-predicting drug cues
act on overlapping brain regions. We exposed 15 smokers undergoing functional magnetic resonance
imaging to a psychosocial stressor, the Montreal Imaging Stress Task, followed by drug cues
consisting of video clips of smokers. In a separate session similar video clips were shown after a
non-stress control task. We observed significantly decreased neural activity during stress in the
hippocampus, amygdala, bed nucleus of the stria terminalis, hypothalamus and nucleus accumbens.
Following stress there was an increased neural response to drug cues in the medial prefrontal cortex,
posterior cingulate cortex, dorsomedial thalamus, medial temporal lobe, caudate nucleus, and
primary and association visual areas. These regions are thought to be involved in visual attention and
in assigning incentive value to cues. Stress-induced limbic deactivation predicted subsequent neural
cue-reactivity. We suggest that stress increases the incentive salience of drug cues.
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Introduction

In cigarette smokers, drug cues (stimuli previously paired with smoking) can promote craving
and relapse (Abrams et al., 1988). Stress can also lead to cigarette craving in abstinent humans
(Doherty etal., 1995; Swan et al., 1988), and to reinstatement of self-administration in animals
(Buczek et al., 1999; Zislis et al., 2007). Furthermore, stress and drug cues may act in synergy
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(Liu and Weiss, 2002; Pecina et al., 2006). This is especially problematic as drug withdrawal
is itself stressful, and can make individuals more vulnerable to life’s other stresses. Nicotine
withdrawal, for example, is associated with dysregulation of the hypothalamic pituitary adrenal
axis and increased stress reactivity (Picciotto et al., 2002).

Nicotine withdrawal is also associated with dysfunction of the dopamine system (Epping-
Jordan etal., 1998), providing another avenue for stress to affect drug intake. In animal models,
conditioned stimuli predictive of drug availability, i.e. drug cues, trigger dopamine release,
which increases the motivation to consume the drug (Phillips et al., 2003). Acute stress also
promotes dopamine release (Abercrombie et al., 1989; Pruessner et al., 2004). The areas of the
brain involved in regulation of appetitive behaviors, such as feeding and drug taking, include
the amygdala and hippocampus, medial prefrontal cortex (PFC), orbitofrontal cortex (OFC),
insula, and striatum, all of which receive dopaminergic projections. Neuronal activity within
this network of regions is also modulated by acute stress, and experimental evidence in humans
and animals points to a role of dopamine in stress-induced reinstatement of drug taking (Erblich
et al., 2004; Shaham and Stewart, 1995; Shaham et al., 2003).

Stress may also become a conditioned stimulus for cigarette smoking. Nicotine is anxiolytic,
and some individuals smoke to relieve anxiety (Picciotto et al., 2002). According to negative
reinforcement models, stress creates a negative emotional state, which then leads to the pursuit
of the drug rewards to relieve these unpleasant effects. However, stress might also act as a
positive reinforcer, by increasing the appetitive and incentive effects of drug cues (Koob,
2008; Pecina et al., 2006). As such, stress could act in part like drug cues, via the mesolimbic
reward system, including the ventral striatum and amygdala.

We have previously used an acute psychosocial stressor, the Montreal Imaging Stress Task
(MIST) (Dedovic et al., 2005), in the neuroimaging environment. When combined with
functional magnetic resonance imaging (fMRI), its main effect is widespread deactivation in
limbic and associated regions, including the hippocampus, amygdala, and nucleus accumbens
(Pruessner et al., 2008). These regions are all modulators of the hypothalamic pituitary adrenal
axis (Herman et al., 2005), and the deactivations are thought to be specifically stress-related
as their intensity correlates with the salivary cortisol response (Pruessner et al., 2008). The
MIST also has the ability to trigger dopamine release in the ventral striatum (nucleus
accumbens), as shown by positron emission tomography (Pruessner et al., 2004).

We have also used smoking cues to map out the neural correlates of cue-reactivity (McBride
et al., 2006). In the current study we combined our stress and cue reactivity paradigms in a
group of young cigarette smokers (Fig. 1). All subjects underwent fMRI on two occasions. For
each session they viewed two-minute blocks of smoking and control videos, then performed
either the stress or non-stress control version of the MIST, followed by three blocks of different
smoking and neutral videos. Our hypothesis was that stress would increase the neural response
to smoking cues in brain areas involved in attention and motivation, when compared to the
non-stress session. In other words, following acute stress, cues associated with nicotine use
would become increasingly important and take on greater incentive salience (Berridge and
Robinson, 1998). We also hypothesized that the individual brain response to stress would
predict the subsequent response to smoking cues. This interaction between stress and appetitive
responses could predispose the vulnerable abstinent smoker to relapse.

Behavior and Biochemistry

Craving scores significantly increased over time (Fig. 2). A within subjects 2-factor repeated
measures ANOVA (time x condition) showed an effect of time irrespective of condition (stress
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or non-stress), (F7, 84=8.342, p< 0.001). Craving scores were higher in the stress condition
overall, but this did not reach significance (F(1, 12=2.088, p=0.174). There was no significant
time by condition interaction.

A within subjects repeated measures ANOVA (time x condition) was performed to ascertain
changes in saliva cortisol over the course of each fMRI session. While cortisol did show a
modest increase in response to the first run of the stressful version of the MIST, there were no
significant main effects of condition or time, although time neared significance (p=0.060).

In an attempt to quantify the overall secretion of cortisol during the scanning period, we
computed the Area Under the Curve with respect to the ground (AUCg) (Pruessner et al.,
2003). There was no significant difference in AUCg between the two sessions (stress:
mean=0.191, SE=0.03; control: mean=0.175, SE=0.02 ; p=0.635); however, the cortisol AUCg
correlated with the mean craving response during the stress session (r2 = 0.527, p = 0.064), but
not the non-stress session (r2 = —0.138, p= 0.620).

Functional MRI

The stressor caused widespread deactivations of the limbic and paralimbic systems (Table 1).
When comparing stressful mental challenge minus baseline (stress session) to hon-stressful
mental challenge minus baseline (non-stress session), we found significantly greater
deactivation during stress in the medial PFC including the subgenual anterior cingulate cortex
(ACC) and ventromedial PFC, ventrolateral PFC, medial temporal lobe including hippocampus
and amygdala, posterior insula and posterior putamen, posterior cingulate cortex (PCC), and
alarge bilateral peak involving the nucleus accumbens, ventral pallidum and putamen, adjacent
extended amygdala, including the bed nucleus of the stria terminalis (BNST), and
hypothalamus (Fig. 3). The data from each session are shown in Supplementary Table 1. The
region of interest data, derived from anatomically defined masks, confirmed the t-map results,
showing reductions in effect size for the hippocampus (hon-stress: —0.009, stress: —0.087, p =
0.02), amygdala (non-stress: —0.05, stress: —0.20, p = 0.009), and nucleus accumbens (non-
stress: 0.002, stress: —0.106, p = 0.001).

Cue reactivity was assessed by comparing the response to the smoking videos minus the neutral
videos, for the three blocks that occurred after the mental challenge. Data for the stress and
non-stress sessions are shown in Table 2. There were more activated regions following the
stress task. In the stress session only there was activation of the dorsomedial PFC, dorsal
caudate, dorsomedial thalamus, and hippocampus. In both sessions, there was activation of the
middle and superior temporal gyrus, precuneus and primary visual cortex. We extracted effect
sizes from each scan using the peak voxels from the stress and non-stress sessions (Fig. 4).
There were significantly greater smoking minus neutral video effects in the stress compared
to the non-stress session in the caudate, dorsomedial thalamus, mPFC, precuneus and
hippocampus (all p < 0.0001 one-tailed).

Finally, we assessed the relationship between limbic stress-induced deactivation and
subsequent smoking cue-related activation. We applied an anatomically defined mask to
extract the effect size in the nucleus accumbens (from the math task) for each scanning session.
When we used this as a covariate, we found, for the stress session, a significant correlation
between accumbens deactivation during stress and cue-related activation (smoking videos
minus neutral videos) in medial PFC (dorsomedial PFC and subgenual and dorsal ACC),
caudate, amygdala, hippocampus, dorsomedial thalamus, PCC, and primary and extra-striate
visual areas (Table 3, Fig. 5). The same correlation for the non-stress session yielded no
significant peaks. When the hippocampus and amygdala were used to extract stress-induced
deactivations the results were similar: deactivation during stress predicted smoking cue related
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activations in the caudate, nucleus accumbens and BNST, medial OFC, hippocampus, PCC
and precuneus, only in the stress session (Supplementary Table 2).

Discussion

An acute psychosocial stressor increased the neural response to smoking cues in brain areas
that control attention and motivation. Moreover, the brain response to stress in the
hippocampus, amygdala, and nucleus accumbens predicted the subsequent neural cue-
reactivity. This provides a mechanism, at the neural systems level, for the role of stress in
addiction maintenance and relapse.

The fMRI results were in very close agreement with our previous published work for both the
stress (Pruessner et al., 2008) and cue-reactivity (McBride et al., 2006) paradigms. The
psychosocial stressor, when compared to the non-stress control, caused widespread
deactivation in the limbic system (hippocampus, amygdala, nucleus accumbens, BNST),
medial prefrontal and medial and lateral parietal areas (Table 1). Some of these areas belong
to the default mode network of brain function (Gusnard and Raichle, 2001), which shows
consistent deactivation during the performance of attention-demanding tasks, a phenomenon
not thought to be specifically stress-related. In our study these default mode regions include
the medial PFC and ACC, PCC, and medial and lateral parietal areas. However, other stress
sensitive regions identified in the current and previous (Pruessner et al., 2008) studies are not
typically considered part of the default mode network, namely the medial temporal lobe
(amygdala and hippocampus), nucleus accumbens, subgenual ACC, BNST, and hypothalamus.
We propose that deactivations in these limbic structures index stress per se, as opposed to
focused attention on a task. In previous work, limbic deactivations were greater in stress
responders than non-responders and proportional in size to cortisol release during the task
(Pruessner et al., 2008). This is in distinction to deactivations in the default mode network,
which usually depend on cognitive load (McKiernan et al., 2003). When we extracted effect
sizes from the anatomically defined hippocampus, amygdala, and nucleus accumbens regions
there was a large and statistically significant difference between the stress and non-stress
versions of the task. We therefore used these deactivations as an indicator of the brain response
to stress and showed that they predicted the magnitude of the subsequent neural response to
the smoking cues.

Reductions in BOLD signal almost certainly imply concomitant reductions in regional neuronal
activity (Devor et al., 2007; Shmuel et al., 2006). Reduced BOLD is caused by a decrease in
the fraction of oxygenated hemoglobin, which is in turn typically related to reduced regional
cerebral blood flow. Although there are other potential mechanisms of BOLD reduction, such
as increased oxygen extraction and vascular steal, they are unlikely here (Shmuel et al.,
2006). Moreover, direct measurements of cerebral blood flow with positron emission
tomography have demonstrated similar reductions in limbic regions during the MIST
(Pruessner et al., 2008). Reductions in BOLD are thought to index inhibitory postsynaptic
potentials and neuronal inhibition, rather than changes in neuronal spiking (Devor et al.,
2007; Shmuel et al., 2006).

However, it is not clear what neurochemical events are responsible for the deactivations seen
in this stress paradigm. Dopamine may be involved: we have shown on two occasions that the
MIST is associated with dopamine release in the ventral striatum (Pruessner et al., 2004;
Soliman etal., 2008), as measured by [*1C]raclopride positron emission tomography (a method
that only allows measurements dopamine release in the striatum). Reductions in regional
cerebral blood flow have been observed following dopamine D2 agonism in the striatum (Choi
et al., 2006). More recently, painful sensory stimulation in anesthesized rodents was shown to
cause bilateral reductions in striatal blood flow via a dopamine D2 receptor dependent
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mechanism (Shih et al., 2009). On the other hand, CRF, another neurotransmitter implicated
in the stress response, causes increased inhibitory postsynaptic potentials (Koob, 2008), which
are known to lead to reductions in BOLD signal (Devor et al., 2007).

Pruessner et al. (2008) have argued that hippocampal deactivation in the MIST represents a
specific component of the stress response, leading to ACTH secretion via the disinhibition of
the paraventricular nucleus of the hypothalamus. The extended amygdala, which includes the
BNST and nucleus accumbens, was also deactivated during stress. It is thought to be a node
connecting stress-regulating areas (hippocampus, amygdala, and prelimbic medial PFC) to
stress effector sites such as hypothalamus and mesolimbic dopamine neurons (Herman et al.,
2005).

As in our previous study (McBride et al., 2006), smoking videos, when compared to neutral
videos, activated medial PFC, dorsomedial thalamus, precuneus and numerous visual areas
including primary visual cortex. This activation was greater following stress and proportional
to the neural response to the preceding stressor. We previously speculated that this pattern of
activation reflected top-down visual attention, and was indicative of the saliency of the smoking
cues. In our previous study a cognitive manipulation had a similar effect on the attentional
response to smoking cues as stress did here (McBride et al., 2006): fore-knowledge of an
immediately available cigarette increased neural response to the cues in medial PFC and ACC,
OFC, dorsomedial thalamus, precuneus, and association and primary visual areas. The main
difference is that mental stress here additionally affected cue-reactivity in medial temporal and
striatal areas. It may be that the cognitive manipulation in our previous study only enhanced
the neural response in areas involved in attentional control, while psychosocial stress
additionally affected regions involved in motivation. A direct comparison of the two data sets
is not possible however as different subjects and MRI equipment were used.

Most imaging cue reactivity studies use simple cues such as those used here, and trigger modest
increases in craving. It is of interest then that a recent fMRI study using very appetitive cues
that combined the sight, feel and smell of a cigarette with suggestive audio scripts demonstrated
cue-responses in the regions modulated by stress in our experiment: the amygdala,
hippocampus, nucleus accumbens, dorsomedial thalamus, and OFC (Franklin et al., 2007).

Numerous animal studies have demonstrated a causal link between stress response, especially
in the extended amygdala, and subsequent cue reactivity and drug self-administration (Koob,
2008; Pecina et al., 2006; Shaham et al., 2003; Zislis et al., 2007). Mesolimbic dopamine
stimulation could account for the increased cue reactivity following stress. In animal models,
stress-induced dopamine release correlates with subsequent drug seeking (Shaham and
Stewart, 1995), and in humans, dopamine gene polymorphisms that likely influence dopamine
release predict stress-induced drug craving (Erblich et al., 2004). Drug-associated cues also
release dopamine, a phenomenon that seems to directly promote drug seeking (Phillips et al.,
2003). This would suggest that drug cues and stress act similarly on overlapping brain systems
to promote appetitive behaviors, a notion that is somewhat at odds with negative reinforcement
models of stress and addiction. It must be noted, however, that other neurotransmitters have
also been implicated in the stress effects on drug seeking, most notably CRF and noradrenaline.
CRF antagonists more reliably block stress-induced reinstatement than dopamine antagonists,
while the latter are better at blocking drug cue induced reinstatement (Shaham et al., 2003).
Indeed, with respect to nicotine, stress (e.g. footshock) appears to mediate reinstatement of
self-administration via the CRF system (Zislis et al., 2007). It is possible then that stress and
conditioned cues act on different neural systems to promote drug seeking, but that their effects
are additive.
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Nicotine cue-induced activation of the amygdala, hippocampus, and ventromedial PFC was
enhanced by stress (Table 3). The hippocampus and ventromedial PFC were implicated in a
recent meta-analysis, which showed that pre-scan negative affect predicted cue reactivity in
both regions (McClernon et al., 2008). As stated above, one view of addiction is that stress acts
as a negative reinforcer, whose unpleasant effects are alleviated by drug intake (Koob, 2008).
However, the ACC, OFC and amygdala, along with the extended amygdala and nucleus
accumbens, also play a central role in the positive aspects of appetitive behaviors such as
feeding and drug taking (Cardinal et al., 2002). For example, fMRI activation of the amygdala
in response to food cues is a consistent marker of desire to eat (Malik et al., 2008). Several cue
reactivity imaging studies have linked activation of striatum, amygdala, and subgebual anterior
cingulate cortex to drug craving (Childress et al., 1999), and behavioral therapy leading to
smoking cessation was found to reduce the fMRI cue response in the amygdala (McClernon
et al., 2007). It may be that stress has directly incentive properties. Indeed, in a recent study,
CRF injection into the nucleus accumbens was shown to increase the incentive salience of
sucrose cues in a Pavlovian to instrumental transfer task (Pecina et al., 2006). In this study, the
CREF effects could not be explained by a negative reinforcement model, as the injections were
never paired with sucrose reward.

Subjective desire to smoke increased throughout our procedure, confirming that the stimuli
used here promote craving. There was however no difference between the stress and non-stress
sessions. This may be because of ceiling effects in subjective questionnaires, or because drug
cues and stress both promote subjective craving, but not synergistically. The lack of difference
in cortisol between the stress and non-stress sessions may be due to the small number of
participants, and to the fact that exposure to drug cues also promotes cortisol secretion (Sinha
et al., 2003), which might have obscured the stress effect on cortisol.

Experimental Procedure

Subjects

Fifteen healthy regular smokers (7 females), all right handed, 18 to 40 years of age, were
recruited through an advertisement posted in the local classified ads. Interested participants
were pre-screened with a detailed telephone interview. In order to be included, participants
had to smoke an average of 12 cigarettes per day and score at least 5 out of 10 on the Fagerstrom
Test for Nicotine Dependence (Heatherton et al., 1991). Subjects gave written consent and all
procedures were approved by the research ethics boards of the Institut Universitaire de Gériatrie
de Montréal and the Montreal Neurological Institute. Exclusion criteria included a history of
neurological or psychological illness, previous head trauma, metal in the body, prescription
drug use (with the exception of oral contraceptives), and history of drug abuse (other than
tobacco).

All subjects were scanned on two occasions, at least one week apart, in the middle of the
afternoon (between 1 and 4 pm), and were told to smoke at their usual rate the day of the scan.
Females were scanned at the same point of their menstrual cycle. On arrival to the imaging
unit they had one cigarette (approximately one hour before fMRI) under the observation of one
of the investigators. We had previously found that a non-abstinent state was associated with
greater neural cue-reactivity using this paradigm (McBride et al., 2006). Each subject
underwent two sessions, stress and non-stress, in counter-balanced order, without
foreknowledge. Subjects were not told that the sessions were stress or non-stress, but that they
would perform mental arithmetic tasks on both days. The paradigm is illustrated in Fig. 1.
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Psychosocial Stress Paradigm

We used the MIST to induce psychosocial stress while subjects were in the fMRI scanner. This
task, which is based on the Trier Mental Challenge Task (Kirschbaum et al., 1993), has been
extensively described elsewhere (Dedovic et al., 2005). Stress is induced by having subjects
solve difficult mental arithmetic problems presented via a computer. The key aspects of
psychosocial stress, uncontrollability and social-evaluative threat, are induced by consistently
adjusting the time limit on the problems to ensure a 55% failure rate, by having a continuous
performance progress bar on the computer monitor, and by direct negative feedback from one
of the investigators in between task blocks. The non-stress control task consists of similar
mental arithmetic problems given without time constraint, progress bar, or investigator
feedback. Importantly, the same number of problems is given in each block of stress and non-
stress control.

For their two sessions, subjects performed either the stress or the non-stress arithmetic task.
They performed three blocks of 6 minutes each. Each block consisted of 60 seconds of rest
(while viewing the task interface), 120 seconds of mental arithmetic, 60 seconds of rest, and
another 120 seconds of arithmetic. In between the blocks, subjects received the negative
feedback (stress session only). Thus subjects performed mental arithmetic for a total of 12
minutes, and the MIST lasted 18 minutes. Throughout the fMRI session saliva samples were
collected through the use of small sponges (salivettes) placed briefly in the subjects’ oral
cavities. These were analyzed for cortisol concentration (ug/dl) as previously described
(Pruessner et al., 2004; Pruessner et al., 2008). A total of 8 samples were collected from start
to finish of the scanning session, 4 before the MIST and 4 after.

Cigarette Cue Paradigm

We used the same smoking and control cues as in our previous study (McBride et al., 2006).
The smoking videos consisted of young men and women smoking in typical social settings
such as bars. Control videos depicted young people getting their hair cut. Different but very
similar video clips were shown during the two sessions and all subjects saw the same video
clips. Videos were similar in degree of facial exposure, movement and physical characteristics
of the actors. Stimulus presentation and response input were coordinated using Media Control
Function software (Digivox, Montreal). Visual stimuli in video format were projected onto a
screen at the foot of the scanner bed, and viewed by means of a mirror mounted on the MRI
head coil. Eight two-minute video clips, alternating between smoking (S) and control (C)
content, were presented in the following order: C-S prior to the MIST (stress or non-stress
versions) and C-S-S-C-C-S after the MIST. Cigarette craving was assessed at the start of the
imaging session and after each video with a three item questionnaire taken from a larger battery
(Tiffany and Drobes, 1991). Subjects answered questions, such as “l am craving a cigarette
right now”, using a computer mouse to slide a cursor along a visual analog scale.

Functional Magnetic Resonance Imaging and Analysis

Subjects underwent fMRI scanning using a 3T Siemens (Erlangen, Germany) Magnetom Trio
MRI scanner at the Institut Universitaire de Gériatrie de Montréal. Each scanning session began
with a high-resolution, T1-weighted, three-dimensional volume acquisition for anatomical
localization (voxel size of 1Imm3). This was followed by acquisition of functional data: one 5-
min run for the initial C-S cue paradigm, one 18-min run for the MIST and three 5-min runs
for the C-S S-C C-S cue paradigm. The fMRI images were acquired with an echo-planar T2*-
weighted scans for the contrast of blood oxygenation level-dependent (BOLD) signals
(TR=2.5sec; TE=30 ms; flip angle, 90°; matrix size=64x64; voxel size=3.4x3.4x3.4mm3,
number of slices=40).
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Anatomical data were transformed into Montreal Neurological Institute (MNI) space (Collins
et al., 1994) using the ICBM152 template. The BOLD data were analyzed using fmristat
(Worsley etal., 2002). First a general linear model (GLM) was applied to each run of the MIST
and smoking cue acquisitions. For the MIST we defined two events: math task and rest. For
the cue reactivity study we defined smoking videos, control videos (haircut), and blank screen.
The contrasts of interest were task minus rest for the MIST and smoking minus haircut for cue
reactivity. The blocks were analyzed separately. This first step used a fixed-effects GLM to
generate effect and standard deviation (SD) images for each run for each subject and session.
The effect and SD images were then transformed into MNI space using the previously
calculated linear transformation. In a second step, subject data were combined using a mixed-
effects GLM, which allowed the generation of effect and T-statistic maps. Data were corrected
for multiple comparisons taking into account the height and extent of statistical peaks from the
t-maps (Poline et al., 1997). For these analyses, data are presented at a p value of less than 0.05
corrected. The anatomical location of peaks was ascertained with the atlases of Talairach and
Tournoux (Talairach and Tournoux, 1988) and Mai et al. (Mai et al., 2003).

We took deactivation in the hippocampus, amygdala, and nucleus accumbens during the mental
challenge task as an index of stress effects, based on previous work (Pruessner et al., 2008).
We therefore extracted the effect sizes from the GLM using regions of interest for these three
structures. These regions were defined on the anatomical MRI, independently of the functional
data, using the brain segmentation program ANIMAL (Collins et al., 1995). Each individual’s
anatomical MRI was non-linearly registered to the ICBM152 non-linear 6th generation target
(Grabner et al., 2006). Then, digital anatomical atlases were used for identifying the amygdala
and hippocampus (Grabner et al., 2006) and nucleus accumbens (Chakravarty et al., 2006).
These anatomical regions were defined individually for each subject and then applied to the
effect size maps generated by fmristat for each session (stress and non-stress). Thus for each
session we obtained an index of deactivation in each of the three regions of interest. We then
entered this data as a covariate in a GLM to identify brain regions where activation to smoking
cues minus neutral cues correlated with deactivation during stress. These results are presented
for each session at a threshold of p < 0.001 uncorrected (minimum of 20 contiguous activated
voxels).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental paradigm
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Figure 2. Craving

Subjective craving level over time for the stress and non-stress sessions. There was a main
effect of time, but no session difference or interaction effect. Error bars indicate the standard
error.
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Figure 3. Neural response to stress (deactivations)

T-map depicting reduced BOLD response when comparing the stress math task to the non-
stress math task. T-values in color are overlayed on the average MRI of all subjects in MNI
space. Stress responsive regions shown here include the hippocampus (a), amygdala (b), lateral
hypothalamus (c), bed nucleus of the stria terminalis (d), ventral pallidum (e), and nucleus
accumbens (f). Not shown: subgenual ACC/ medial OFC, as well as regions belonging to the
default mode network (seeTable 1). Coronal sections from left to right taken at y = —23mm,
—-9mm, —4mm, —1mm, and +12mm.
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Figure 4. Effect of stress on cue reactivity
Peak voxels from the stress and non-stress sessions were used to extract effect sizes of the
smoking minus control video analyses. All significant at p < 0.001.
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Figure 5. Correlation map

T-map of brain regions where smoking-control video effect correlates with deactivation in the
nucleus accumbens during stress. This image depicts the subgenual anterior cingulate cortex,
dorsomedial prefrontal cortex, and posterior cingulate (top left), amygdala and hippocampus
(bottom left), and caudate nucleus (top right). ((seeTable 3) for coordinates.)
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Table 1

Deactivations during stress

Comparison of the math task minus control for the stress compared to the non stress session. Peaks listed here are areas
that showed greater deactivation during the stress session. All significant peaks (p < 0.05 corrected for multiple
comparisons) are listed. Brodmann areas in parentheses. Abbreviations: vmPFC: ventromedial prefrontal cortex, ACC:
anterior cingulate cortex, OFC: orbitofrontal cortex, vIPFC: ventrolateral prefrontal cortex, BNST: bed nucleus of the
stria terminalis, NAC: neucleus accumbens, PCC: posterior cingulate cortex, STG: superior temporal gyrus, LPs:
superior parietal lobule.

Region T X y z
VmPFC 4.57 0 60 0
VmPFC 4.67 2 40 2
L vIPFC (47) 5.26 —44 38 -8
L OFC 4.86 —24 42 —20
L vIPFC (45) 4.73 —46 32 8
Subgenual ACC 5.39 -6 18 -6
R BNST/ NAC 6.71 12 14 -14
L BNST/ NAC 5.81 -14 14 -12
R temporal pole (22) 5.96 36 8 —26
L amygdala 5.40 —24 -8 -16
L posterior insula/ putamen 5.07 -32 -16 4
R posterior insula/ putamen 7.84 40 -20 4
L hippocampus 5.13 —28 —24 -20
R hippocampus 4.73 32 —24 -16
PCC (23) 4.71 0 -32 32
L STG (22) 5.81 -54 -36 4
L PCC (23) 6.27 -8 -58 16
R Precuneus (31) 5.19 2 —66 28
L LPs (7) 4.68 —46 ~74 30
Cuneus (18) 5.82 4 -84 28

Brain Res. Author manuscript; available in PMC 2010 October 13.



Page 17

Dagher et al.

8 08— 9T <L 0 8- 0 79 A
4 S— - g 144 85— 4 9'g snaundald
9- 87— 8T— Sy snJAB wioyisn4
9 ov— ¥S L'y 9 ov— 89 €g O1S /91N o
A% e— 8T 79 sndwesoddiy ¥
4 9- 4 Sy snweleyl NG
8T 0 9T 9'g alepned |esiod
0¢ €9 07 L'y Oddwp o
z A X 1 z A X 1 uoibay
$59.41S-UON $S841S

"(8T pue 2T Seale apnjoul 01 Ajjelare]iq spusixa Yead) xa1l09 [ensIA i TA ‘snJAB [erodwsa) Jouadns 191 S ‘sniAB
[eJodwal |ppIW (91 A ‘[eIPBWOSIOP N ‘X109 [eluolyaid [e1pawosiop :Q4dwp :suoneiAsigqqy “(suosiiedwiod ajdijnw o) psidsliod
G0'0 > d) paisi| syead Juedaly1ubis || "SUoISSas 01 8yl 10} ‘uosiiedwod 08PIA |0J3U0D SNUILW 0apPIA Bujows ayl ul pajeAnde suoibal urelg
suolreAnoe AlIA1oBal 8N

NIH-PA Author Manuscript

za|qeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript

Brain Res. Author manuscript; available in PMC 2010 October 13.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Dagher et al.

Page 18

Table 3
Stress response predicts craving response
Correlation between the deactivation in the nucleus accumbens during math
challenge and the activation to smoking cues (minus neutral). All peaks significant
at p<0.001 uncorrected with 20 contiguous voxels. Abbreviations: dmPFC:
dorsomedial prefrontal cortex, STG: superior temporal gyrus, V1: primary visual
cortex. L: left. R: right.

Region T-stat X Y z
Stress Session
R dmPFC 4.67 10 50 22
L Subgenual cingulate 4.57 -20 36 -2
R dmPFC 4.99 16 34 38
R Subgenual cingulate 4.71 14 32 4
L Anterior cingulate cortex 4.46 -16 24 40
R Anterior cingulate cortex 4.38 20 20 44
R Caudate 3.94 18 8 18
R Amygdala 4.12 14 -6 —26
Dorsomedial Thalamus 3.73 -2 -8 4
Posterior cingulate cortex (23) 3.83 -4 —26 32
Paracentral lobule 4.43 -4 —-28 60
R Hippocampus 591 18 -34 -12
L Hippocampus 4.62 =22 -34 -10
Posterior cingulate cortex 411 -12 -38 48
RSTG (22) 434 58 —44 10
R Precuneus 4.86 16 —58 14
L Posterior cingulate cortex (30) 4.70 —28 -60 10
V1 3.94 0 -86 0

Non-stress session (No significant peaks)
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